The complex physics of multiphase flow in porous media are usually modeled at the field scale using Darcy-type formulations. The key descriptors of such models are the relative permeabilities to each of the flowing phases. It is well known that, whenever the fluid saturations undergo a cyclic process, relative permeabilities display hysteresis effects.
Introduction
Hysteresis refers to irreversibility or path dependence. In multiphase flow, it manifests itself through the dependence of relative permeabilities and capillary pressures on the saturation path and saturation history. From the point of view of pore-scale processes, hysteresis has at least two sources: (1) contact angle hysteresis; and (2) trapping of the nonwetting phase.
The first step in characterizing relative permeability hysteresis is the ability to capture the amount of oil that is trapped during any displacement sequence. Indeed, a trapping model is the crux of any hysteresis model: it determines the endpoint saturation of the hydrocarbon relative permeability curve during waterflooding.
Extensive experimental and theoretical work has focused on the mechanisms that control trapping during multiphase flow in porous media. [1] [2] [3] Of particular interest to us is the influence of wettability on the residual hydrocarbon saturation. Early experiments in uniformly wetted systems suggested that waterflood efficiency decreases with increasing oil-wet characteristics. 4, 5 These experiments were performed on cores whose wettability was altered artificially, and the results need to be interpreted carefully for two reasons: (1) reservoirs do not have uniform wettability, and the fraction of oil-wet pores is a function of the topology of the porous medium and initial water saturation, 6 and (2) the core-flood experiments were not performed for a long enough time, and not enough porevolumes were injected to drain the remaining oil films to achieve ultimate residual oil saturation. Other core-flood experiments, in which many pore volumes were injected, the observed trapped/residual saturation did not follow a monotonic trend as a function of wettability, and was actually lowest for intermediate-wet to oil-wet rocks.
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Jadhunandan and Morrow 10 performed a comprehensive experimental study of the effects of wettability on waterflood recovery, showing that maximum oil recovery was achieved at intermediate-wet conditions. An empirical trapping model typically relates the trapped (residual) hydrocarbon saturation to the maximum hydrocarbon saturation, that is, the hydrocarbon saturation at flow reversal. In the context of waterflooding, a trapping model defines the ultimate residual oil saturation as a function of the initial water saturation. The most widely used trapping model is due to Land. 11 It is a single-parameter model, and constitutes the basis for a number of relative permeability hysteresis models. Other trapping models are those of Jerauld 12 and Carlson. 13 These models are suitable for their specific applications but, as we show in this paper, they have limited applicability to intermediate-wet and oil-wet media.
Land 11 pioneered the definition of a "flowing saturation", and proposed to estimate the imbibition relative permeability at a given actual saturation as the drainage relative permeability evaluated at a modeled flowing saturation. Land's imbibition model 11 gives accurate predictions for water-wet media, 14 but fails to capture essential trends when the porous medium is weakly or strongly wetting to oil. The two-phase hysteresis models that are typically used in reservoir simulators are those by Carlson 13 and Killough.
15 A three-phase hysteresis model that accounts for essential physics during cyclic flooding was proposed by Larsen and Skauge. 16 These models have been evaluated in terms of their ability to reproduce experimental data 17, 18 and their impact in reservoir simulation of wateralternating-gas injection. 18, 19 Other models are those by Lenhard and Parker, 20 Jerauld 12 and Blunt. 21 More recently, hysteresis models have been proposed specifically for porous media of mixed wettability.
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All of the hysteresis models above require a bounding drainage curve and either: (1) a waterflood curve as input; or (2) a calculated waterflood curve using Land's model. The task of experimentally determining the bounding waterflood curves from core samples is arduous, and the development of an empirical model that is applicable to non water-wet media is desirable. In this paper, we introduce a relative permeability hysteresis model that does not require a bounding waterflood curve, and whose parameters may be correlated to rock properties such as wettability and pore structure.
Since it is difficult to probe the full range of relative permeability hysteresis for different wettabilities experimentally, we use a numerical tool -pore-scale modelingto predict the trends in residual saturation and relative permeability. As we discuss later, pore-scale modeling is currently able to predict recoveries and relative permeabilities for media of different wettability reliably. [25] [26] [27] [28] [29] [30] We will use these predictions as a starting point to explore the behavior beyond the range probed experimentally.
In summary, this paper contains two main results:
1. A new model of trapping and waterflood relative permeability, which is able to capture the behavior predicted by pore-network simulations for the entire range of wettability conditions.
2. A demonstration of the importance of nonwettingphase trapping and relative permeability hysteresis for the assessment of geological CO 2 sequestration processes.
In the next section we present a summary of the equations of the proposed model. We follow with an overview of pore-scale modeling of trapping and relative permeability hysteresis. We then present a new model of trapping and waterflood relative permeability. As an application of the importance of trapping and hysteresis we perform threedimensional simulations of realistic scenarios of CO 2 sequestration in heterogeneous saline aquifers. In the final section of this paper we gather the main conclusions and anticipate ongoing and future work.
Summary of model equations
In this section, for clarity, we present the trapping and hysteresis model. A detailed description of the tools used and a physical interpretation of the results is provided in the subsequent sections.
A trapping model attempts to capture the residual (trapped) oil saturation S ot after waterflooding, given an initial oil saturation S oi achieved during primary drainage of oil into a water-filled medium. Therefore, the trapping model may be viewed as a curve on a diagram of initial oil saturation versus residual oil saturation (initial-residual or IR curve). The development of a new trapping model is motivated by the fact that, in contrast with most common trapping models, 11, 12 initial-residual curves obtained from pore-network simulations are not monotonic when the medium is not strongly water-wet. This non-monotonic trend has been confirmed experimentally.
10
The simplest functional form that allows us to reproduce a non-monotonic behavior is the quadratic expression:
Parameters α and β correspond to the initial slope and the curvature of this curve, respectively. They must satisfy the following requirements:
The model contains two parameters, α and β, which must be calibrated for each rock-fluid system. Therefore, they will depend on the pore-space morphology and the wettability characteristics of the medium. Typical dependence of these two parameters on the wettability of the medium is discussed and explained later in the paper. Inspired by Land's model, 11 we propose to calculate the waterflood relative permeability k i ro at the actual oil saturation S o as the drainage relative permeability k d ro at a different flowing saturation:
The flowing saturation is evaluated by means of the following expression:
where S ot is the trapped oil saturation given by Eq. (1), and γ is a parameter related to the presence of film flow. It is dependent on the wettability characteristics of the medium, and is typically negative for strongly water-wet media and positive for weakly and strongly oil-wet media. This behavior will be discussed in detail later.
Pore-scale modeling of trapping and hysteresis
In pore-network modeling the pore space is described by a network of pores connected by throats with an idealized geometry. A set of physically-based rules describe the configuration of the fluids within each pore and throat, as well as the mechanisms for the displacement of one fluid by another. This approach was pioneered by Fatt 31 and has received increasing attention over the past decade. Blunt 32 and Blunt et al. 33 provide a detailed description of the fundamentals and applications of pore-network modeling, together with an extensive literature review. One of the successful application areas of pore-network models is the prediction of multiphase flow properties, such as capillary pressure and relative permeability. This success hinges on the following:
1. The ability to reproduce the essential geometric features of the pore space of real rocks. A realistic three-dimensional pore-space characterization may be obtained in a variety of ways: assembly of twodimensional sections to form a three-dimensional image; 34 direct X-ray microtomography of the threedimensional pore space;
35 stochastic 3D modeling with statistics inferred from two-dimensional thin sections;
36 process-based reconstruction in which grain deposition, compaction and cementation are modeled.
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2. The ability to capture wettability effects. Most porenetwork models used today introduce wettability effects based on the pore-level scenario of wetting proposed by Kovscek et al. 6 Their model mimics the saturation change typical of a hydrocarbon reservoir. The medium is initially filled with water, and the rock surfaces are water-wet. During oil migration, the oil invades the pore space, altering the wettability of the solid surface in contact with the oil. In this fashion, the network displays mixed wettability: a fraction of a pore or throat may be oil-wet, while the corners and crevices not in contact with the oil remain water-wet.
The combination of realistic pore geometry/topology and correct characterization of displacement and trapping mechanisms has allowed pore-network models to predict hysteretic capillary pressure and relative permeability curves under a wide range of wettability characteristics.
Experimental measurements of hysteretic relative permeability for mixed-wet and oil-wet media are scarce.
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Given the success of pore-network models to reproduce experimental data, [26] [27] [28] in this work we have adopted the use of pore-network modeling as a way to investigate the full spectrum of wettability conditions. Pore-network simulations results are taken as "data" to develop and validate empirical trapping and hysteresis models.
Description of the pore-network simulations. We used the two-phase flow pore-network simulator developed by Valvatne and Blunt. 28 The model has similarities with other network models. 29, 40, 41 A full description of the model is given in the references above and will be omitted here.
We used a three-dimensional pore-network of a Berea sandstone developed by Bakke and Øren. 42 The model is a cube of 3×3×3 mm 3 containing 12,349 pores and 26,146 throats. The absolute permeability of the rock is 2287 mD and the net porosity is 0.183, where 0.0583 is clay-bound or micro-porosity.
We investigated sequences of two consecutive displacements: primary drainage (oil invasion) and waterflooding. During primary oil drainage the network, which is initially filled with water, is assumed to be strongly water-wet with a receding contact angle θ r = 0
• . As the oil invades the largest pores first in piston-like displacement, the water recedes and is squeezed to the crevices and pore throats until a very high capillary pressure or a target oil saturation is reached. At this point, the surface of the rock in contact with oil will undergo wettability alteration, while the corners and elements that still contain only water remain strongly water-wet. Wettability alteration is accounted for by changing the contact angle. In principle, one could change the advancing contact angle θ a and the receding contact angle θ r independently. In this work, however, we used a correlation proposed by Morrow 43 to link both the advancing and receding contact angles with an intrinsic contact angle θ i . This relationship is shown in Fig. 1 . During waterflooding there are several physical mechanisms by which the water can displace the oil in place.
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These mechanisms include piston-type displacement, cooperative pore-body filling and snap-off. The predominance of any given displacement mechanism is strongly dependent on the wettability (specified by the advancing contact angle). These displacement processes and their implementation are described in detail in the literature. 28, 29, 40, 41 After individual displacement events the transport properties are calculated. The equations for absolute permeability, relative permeability and other transport parameters can also be found in the literature. 28, 40, 41, 44 Following this procedure, pore-network simulations have been shown to reproduce experimental capillary pressure and relative permeability curves both in primary drainage and waterflooding 40 and for a variety of wettability conditions.
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We investigated the full range of wetting conditions after wettability alteration, by choosing average intrinsic contact angles between 20
• and 160
• . Due to pore-scale inhomogeneities in the rock minerals and surface roughness, assigning a uniform contact angle throughout is unrealistic. Therefore, we assigned contact angles throughout the network randomly within ±20
• of the average value. In this work we assume that the contact angle distribution in originally oil-filled pores is independent of S oi . In reality, a higher S oi represents a larger initial capillary pressure that may cause protective water films to collapse in oil-filled pores, causing a more significant wettability alteration than for low S oi . 6 However, this simple characterization of wettability has been shown to be sufficient to predict trends in recovery seen experimentally.
28 Also we consider systems where there is a relatively uniform distribution of wettability -we do not consider mixed-wet media where initially oil-filled pores may be water-wet or oil-wet with two distinct distributions of contact angle in the same rock.
For each contact angle distribution we performed a series of displacement pairs (oil invasion and waterflooding), with a different target oil saturation S oi ranging from a very small value (almost no oil invasion) to the maximum value possible (connate water conditions). Next, we present results from an extensive set of simulations for different contact angles and different target oil saturations.
Pore-network predictions of trapping. The use of a pore-network simulator allows us to quantify the effects of wettability and initial oil saturation on the trapping of oil during waterflooding. The main results of the porenetwork simulations are compiled in Fig. 2 , where we plot the initial-residual (IR) curves for different intrinsic contact angles. For a given curve (i.e. for a specific value of the intrinsic contact angle after wettability alteration), each point denotes the trapped oil saturation S ot that corresponds to a particular initial oil saturation S oi . The initial oil saturation is dictated by the point at which primary drainage ceases (and waterflood starts), and the trapped oil saturation is the value of unrecoverable (or residual) oil after waterflooding.
The most noteworthy characteristic of the IR curves shown in Fig. 2 is that they do not display a monotonically increasing behavior for mixed-wet and oil-wet media. This means that, for oil-wet media, higher oil saturation after the initial oil invasion may lead to lower residual oil saturation after waterflooding. This counterintuitive behavior is analyzed and explained below, in terms of pore-scale fluid configurations and displacement mechanisms.
For water-wet media (small contact angles) trapping during waterflooding is controlled by snap-off. As the initial oil saturation is increased, oil is pushed into smaller and smaller pores. During waterflooding, water fills the smallest pores first and snaps off more and more oil. The amount of trapped oil increases monotonically with increasing initial oil saturation simply because there is more oil to trap. As the contact angle increases there is a crossover from trapping by snap-off to trapping by bypassing, as the water tends to advance in a connected front with piston-like advance on throats and cooperative pore-filling. We begin to see a non-monotonic behavior because, as the initial water saturation increases, we have more water filling from the pores and throats in connected patches from throats that are initially water-filled. When these patches join up, there can be trapping, as oil becomes stranded between these clusters. Low initial water saturation (i.e. high initial oil saturation) implies that there are few water clusters and little chance for bypassing. Trapping increases as the number of clusters increases and then declines again as there is less oil to trap in the first place. For intrinsic contact angles above 90
• (advancing contact angles above 120
• ) we observe the same behavior, but with even less trapping. The reason is the presence of oil layers within the network. Water fills the largest pores and throats in an invasion percolation-like process. Oil remains connected in layers sandwiched between water in the center of an element and water in the corners. These layers lead to very little trapping, although the oil relative permeability is very low. These layers are stable until the two water/oil interfaces meet. High initial water saturation means that water bulges out in the corners causing these interfaces to meet, trapping more oil than for low initial water saturation. Again, for sufficiently large S wi , (low S oi ), there is less trapping simply because there is less oil to trap.
We should also mention that the extremely low trapped oil saturations for very high initial oil saturations are an artifact of the criterion used for ascertaining the stability of oil layers. 28 In the future we plan to incorporate a stability criterion based on free energy balance that predicts that oil layers become unstable before the two water/oil interfaces touch each other. 45 For practical purposes, however, such high initial oil saturations are never achieved during migration of oil into realistic reservoirs-the initial water saturation is typically much higher than 5%.
In conclusion, the trapping mechanisms that we have indicated allow for a physical explanation of the nonmonotonic behavior of the initial-residual curves. A complete picture of the trapping relation is given in Fig. 3 as a trapping surface, that is, a surface that describes the residual oil saturation as a function of the initial oil saturation and the intrinsic contact angle after wettability alteration. The trapped oil saturation dictates the endpoint of the relative permeability waterflood curves. An important practical consequence of the nonmonotonic relation of trapped vs. initial oil saturation for mixed-to oil-wet media is that waterflood scanning curves will cross, as sketched in Fig. 4 .
Both of these features-nonmonotonic trapping relation and crossover of waterflood relative permeability curvesare not present in existing empirical models. This motivates the development of new empirical trapping and hysteresis models that reproduce the observed behavior.
Pore-network predictions of waterflood relative permeability. It is important to understand the trapping mechanisms that ultimately define the shape of the relative permeability curves during waterflooding. The trapping model determines the endpoint residual saturations when the capillary pressure is lowered to an extremely low value. The trapping mechanisms at this point should not be generalized for the entire waterflood process. Because different competing trapping mechanisms may dominate at different capillary pressure levels, this affects the shape of the relative permeability curve.
In water-wet systems we have already mentioned that trapping is primarily due to snap-off. After a certain point during waterflooding, the flowing oil phase becomes trapped due to the invading water phase. However, this mechanism does not operate right away. At the beginning of the waterflood process, the nonwetting phase relative permeability is slightly higher than the drainage relative permeability. This is seen in the two-phase experiments performed by Oak 46 in water-wet Berea sandstone for both water/gas and water/oil systems (see Fig. 5 ).
During primary drainage, the oil preferentially fills large pores, leaving water residing in narrower throats and in the corners of the pore space. At the end of primary drainage, many oil-filled pores have only a single connecting throat that is also oil-filled. These dead-end pores may contain a large saturation but do not contribute to the connectivity of the oil. During waterflooding, pore-filling is favored in pores that have many surrounding water-filled throatsessentially these dead-end pores.
2 Thus initially there is a cascade of pore-filling, where the oil saturation decreases with little decrease in oil relative permeability. This process competes with snap-off which traps oil and in contrast leads to a large decrease in relative permeability. For water-wet media, the former process generally is more significant at high oil saturation, giving the typical hysteresis patterns seen in Fig. 5 . The pore-network model is able to reproduce this behavior with a quantitative agreement with experiment, 28 see Fig. 6 . In contrast, the trapping mechanisms that control the shape of the oil waterflood relative permeabilities in oil-wet media are very different from those of a water-wet rock. At the beginning of the waterflood, water percolates through the largest pores, leading to a significant reduction in the oil relative permeability. The oil, which remains connected through oil films and layers, drains down to very low sat- urations but at a low rate due to the small conductance of these layers. The shape of these relative permeability curves, as predicted by pore-network simulations, is shown in Fig. 7 . 
Development and validation of a new model of relative permeability hysteresis
In the previous section we used pore-network modeling to highlight the following features of wettability effects on the waterflood relative permeability:
1. The initial-residual (IR) curves are not monotonic for media that are not strongly water-wet (Fig. 2 ).
2. For intermediate-wet and oil-wet media, the scanning curves of oil relative permeability may cross (Fig. 4) .
3. In strongly water-wet media, the trapped oil saturation is high but the waterflood relative permeability may be higher than the drainage relative permeability at high oil saturations (Fig. 6 ).
4. In contrast, for strongly oil-wet media, the trapped oil saturation is low but the waterflood relative permeability decreases sharply at high oil-saturations (Fig. 7 ).
Clearly, this markedly different behavior in water-wet and oil-wet media needs to be incorporated in the empirical model. We start by describing a new trapping submodel and we follow with the proposed waterflood relative permeability model.
The trapping model. We begin by reviewing some of the existing trapping models. These models were originally designed to account for gas trapping, but for consistency we will treat them for oil trapping. We then formulate a new model and assess its performance for the full spectrum of wettability conditions.
Land trapping model. The Land model 11 is the most widely used empirical trapping model. Most relative permeability models that incorporate hysteresis 12, 15, 16, [20] [21] [22] are based on this trapping model. It was developed to predict trapped gas saturation as a function of the initial gas saturation based on published experimental data from water-wet sandstone cores. [47] [48] [49] In this model, the trapped nonwetting phase saturation is computed as:
where S oi is the initial oil saturation, or the saturation at the flow reversal, and C is the Land trapping coefficient. The Land coefficient is computed from the bounding oil invasion and waterflood curves as follows:
where S o,max is the maximum oil saturation, and S ot,max is the maximum trapped oil saturation, associated with the bounding waterflood curve. All these quantities are illustrated in Fig. 8 . The value of the Land trapping parameter is dependent on the type of rock and fluids. 
Carlson trapping model. A simplified hysteresis model proposed by Carlson
13 implicitly defines a trapping model. The Carlson model requires the bounding drainage and waterflood curves. The trapped oil saturation is determined by shifting the bounding waterflood curve to intersect the intermediate initial oil saturation at the flow reversal. The idea behind Carlson's interpretation is to use the model of the waterflood relative permeability scanning curves as being parallel to each other. This geometric extrapolation procedure is illustrated in Fig. 9 .
The trapped nonwetting-phase saturation is computed as
where ∆S o is the shift in the waterflood scanning curve with respect to the imbibition bounding curve (see Fig. 9 ). This model is adequate if the intermediate scanning curves are almost parallel and there is little curvature in the waterflood curve. The model is problematic when the system is oil wet. The large curvature of the bounding waterflood relative permeability curve at low saturations does not allow prediction of intermediate relative permeability curves since any shifting will make the endpoint trapped gas saturation negative, a nonphysical value.
Jerauld trapping model. Jerauld's trapping model
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is an extension of the Land trapping model that accounts for the "plateau" observed in the initial-residual (IR) curves for mixed-wet rocks. 50 The trapped nonwettingphase saturation is given by:
In the original publication, 12 the expression of the trapped saturation S ot was given in terms of the residual saturation achieved when S oi = 1, S or = 1/(C + 1). Jerauld introduced a second tuning parameter b in addition to the Land coefficient. If this parameter is set to zero, Jerauld's model reduces to the Land trapping model. When this parameter is equal to one, the trapping curve has a zero slope at S oi = 1. Although Jerauld argued that the IR curves should not have a negative slope, his model allows for such behavior if b ≥ 1.
Although the fit of Jerauld's model to the pore-network data was good for water-wet and intermediate-wet conditions (for which the model was designed), it was not as satisfactory for strongly oil-wet media. One of the reasons is that Jerauld's model assumes that the IR curve has a unit slope near the origin. This behavior does not conform to pore-network predictions (see the curves corresponding to θ = 110
• and 160 • in Fig. 2) .
A new trapping model. We notice that the shapes of the trapping curves (Fig. 2) may be fit to a parabola. We establish the following simple quadratic relationship between the trapped oil saturation S ot and the initial oil saturation S oi :
The parameters α and β correspond to the initial slope and the curvature of this curve, respectively. These parameters were tuned to minimize the least squared error between the model prediction and the pore-network simulation data. The optimization is constrained by the following restrictions:
For an initial slope greater than 1, the trapping model would predict more trapped oil than what was originally present, which is not physically possible. The "optimal" parameters α and β are shown in Fig. 11 as functions of the intrinsic contact angle. The performance of the optimization is illustrated in Fig. 10 . Notice that for water-wet media, the model tends to slightly overestimate the trapped oil saturation when the initial oil saturation is high. This is because of the constraint in the optimization, and the inability of the model to achieve the desired curvature at the desired location. The important consideration is that the trapping model reproduces the observed trapping behavior for all wettability conditions, even if it may slightly overestimate the trapping of the bounding waterflood curve (S oi = S o,max = 1 − S wc ). We should also mention that the pore-network simulator is likely to underestimate the trapping for the bounding curves due to an overly optimistic criterion for the stability of oil layers. If a new, free-energy based stability criterion is implemented, 45 we expect a better agreement between the trapping model and the pore-network predictions.
When the parameters calculated from the optimization are employed, the resulting trapping surface is shown in Fig. 12 . This surface should be compared with the one obtained from pore-network simulations (Fig. 3) . The waterflood relative permeability model. Most existing relative permeability hysteresis models 12, 15, 16, 20, 21 either require a bounding waterflood curve or model this curve according to Land's 11 waterflood relative permeability model. The development of his model is described below. The new relative permeability model we propose is an extension of Land's model to account for the different pore occupancies at different wettability conditions.
Land waterflood model. As a prelude to the development of the new waterflood relative permeability model proposed in this work, we revisit the derivation of Land's relative permeability model. The basis of Land's formulation is to express the waterflood relative permeability k i ro at a given oil saturation (S o ) as being equal to the drainage permeability k d ro evaluated at a flowing oil saturation S of (see Fig. 13 ): At any bulk saturation S o , the flowing oil saturation S of and the trapped saturation ∆S o are related by
Land makes the assumption that the trapped saturation ∆S o is the cumulative trapped saturation at a given point in the waterflood process and that this quantity increases as more of the flowing saturation becomes trapped. He assumes that the maximum amount of cumulative trapping, equal to the trapped saturation determined by his trapping model (Equation (5)), occurs when the flowing saturation becomes zero (S o = S ot (S oi )). It is important to note that in Land's formulation it is necessary to obtain the maximum trapped oil saturation S ot,max from a coreflood experiment in order to extract the appropriate Land trapping coefficient C. The intermediate trapped saturation ∆S o is equal to the cumulative trapped saturation S ot minus the amount of oil that is still flowing and will eventually be trapped:
where 
Substituting Equations (13)- (15) in Equation (12) one obtains
Solving this quadratic equation for S of and taking the positive root:
Although Land's assumptions are generally valid for water-wet media, they do not hold for oil-wet media. In water-wet media, we noticed that the experimental and pore-network waterflood curves are sometimes above the drainage curves for high oil saturations (Figures 5 and 6 ). Land's model will generally underestimate the relative permeabilities in this region under the assumption that the hydrocarbon phase will immediately be subjected to snapoff. In oil-wet media, the ultimate residual saturations are often very low due to oil layer drainage. Initially, there is a sharp decrease in the waterflood relative permeability (Fig. 7) . However, at low oil saturations, oil layer drainage is the dominant mechanism, which leads to low oil residual saturations achieved at very low oil relative permeabilities. In Fig. 14 we compare Land's waterflood relative permeability model to the pore-network simulation results. The Land trapping model predicts the experimental data fairly well for water-wet media, but is unable to capture the convex shape of the waterflood curve characteristic of oilwet conditions. Indeed, for intrinsic contact angles greater than 80
• , Land's model predicts reversible relative permeability curves-waterflood relative permeability curves coincide with the primary drainage curves.
A new waterflood model. Land's waterflood model hinges on the assumption that the trapped saturation increases monotonically during waterflooding. This assumption does not allow reproduction of the convex shape of the observed relative permeability curves in intermediate-wet and oil-wet media. We modify Equation (13) as follows:
(18) The last term in this equation is designed to capture the convexity of the waterflood curves in oil-wet media. It satisfies the following essential requirements: (1) the flowing saturation S of equals zero when the bulk saturation reaches the ultimate trapped saturation S ot (S oi ); and (2) the flowing saturation is equal to the bulk saturation (S of = S o ) at the beginning of the waterflood (S o = S oi ) and no oil has yet been trapped. The parameter γ is an additional parameter of the formulation, which should depend on rock type and wettability characteristics.
Substituting Equation (18) into Equation (12), we obtain:
where the trapped saturation is given by the new trapping model:
We substitute Equation (20) in Equation (19) and solve for S of , to obtain a new model for the flowing oil saturation:
This expression of the flowing saturation is then used in Equation (11) to evaluate the waterflood relative permeability.
The tuning parameter γ can be obtained from fitting the model to experimental bounding waterflood curves. In this investigation, we used bounding waterflood curves obtained from pore-network simulation. The dependence of the parameter γ on the intrinsic contact angle is shown in Fig. 15 . The trends in this relationship are the ones expected. For water-wet media, the parameter γ is negative, indicating that the Land trapping model overestimates the trapped saturation and subsequently underestimates the relative permeability. For oil-wet media this parameter takes positive values, which allows for the model waterflood curve to be below the one predicted by the Land model. The performance of the combined trapping and waterflood models is shown in Fig. 16 . Unlike Land's trapping model, the new model provides a suitable fit to the bounding waterflood curves determined by pore-network simulations for all contact angles. The dark circle represents the trapped saturation determined from the new trapping model. The trapped saturations predicted by the model do not always match the experimental end-points. This is why the model relative permeabilities do not fully agree with the pore-network results, especially for saturations close to the ultimate residual saturation.
In Fig. 17 we compare the new waterflood model with pore-network simulated data for a set of intermediate scanning curves. Model predictions were obtained using the same parameters determined from the trapping curves and the bounding waterflood curves.
Wettability correlations. In this paper we have consistently used the intrinsic contact angle θ i as a measure of wettability. This parameter is almost impossible to determine with any certainty in the laboratory since most rocks are characterized by a large range of contact angles. Moreover, we have used a particular model 43 that links the intrinsic contact angle with the receding and advancing contact angles.
Ideally, one would correlate the trapping parameters α and β and the waterflood parameter γ with a measure of the overall wettability characteristics of the rock that can be determined in the lab. In fact, previous investigations 26, 28 have shown that pore-network models are able to perform quantitative predictions of laboratory wettability measurements.
Common measures of wettability are the Amott wettability indices, 9 I w and I o . A strongly water-wet medium is associated with I w = 1 and I o = 0, whilst values of I w = 0 and I o = 1 correspond to a strongly oil-wet medium. The Amott-Harvey index I wo is probably the most popular measure of wettability and is defined as:
which ranges between −1 and 1. These indices can be determined from two capillary pressure curves corresponding to waterflood and subsequent oil flood, and can be computed directly from pore-network simulations. 26, 28 The variability of the Amott oil and water indices and the Amott-Harvey wettability index with respect to the intrinsic contact angle is given in Fig. 18 and Fig. 19 , respectively. Although this was not pursued here, one could express the dependence of the trapping and waterflood relative permeability parameters with respect to the Amott-Harvey wettability index directly, rather than the intrinsic contact angle.
Simulation of geological CO 2 storage
It is well documented that carbon dioxide is a greenhouse gas, and one of the main contributors to global warming.
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CO 2 sequestration refers to the capture and long-term storage of anthropogenic CO 2 in order to limit its emission to the atmosphere. 52 Injection into geological formations is one option to store CO 2 .
53, 54 Different target formations have been identified for this purpose, including depleted oil and gas reservoirs, 55 unminable coal beds, 56 and deep saline aquifers.
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One of the major concerns in any sequestration project is the potential leak of the CO 2 into the atmosphere. Possible causes of leaks are loss of integrity of the cap rock due to overpressurization of the geological formation, and abandoned wells that may be present. When planning geologic sequestration projects in saline aquifers or depleted hydrocarbon reservoirs, it is therefore essential to predict the migration and distribution of the CO 2 in the subsur- face structure so that injection can be maximized while keeping the risk of leakage at minimum.
Due to the density difference between the CO 2 and the brine, the low viscosity CO 2 tends to migrate to the top of the geologic structure. This upward migration is sometimes delayed or suppressed by low permeability layers that impede the vertical flow of gas. There are several mechanisms by which the CO 2 can be sequestered. These include-in order of increasing time scales-dissolution in the brine, gravity instabilities due to the larger density of the brine-CO 2 liquid mixture, and geochemical binding to the rock due to mineral precipitation.
In this paper we demonstrate that physical trapping mechanisms during the simultaneous flow of two fluid phases through the porous medium, such as snap-off, have a huge impact on the migration and distribution of CO 2 . Moreover, these trapping mechanisms act at a much smaller time scale than other sequestration mechanisms such as aqueous dissolution and mineral precipitation. Therefore, relative permeability hysteresis becomes an order-one factor in the assessment of CO 2 sequestration projects. Basis for trapping in geologic CO 2 sequestration. Saline aquifers, predominantly water-wet, are prime candidates for geologic CO 2 sequestration. In water-wet media and a capillary-dominated flow regime, snap-off is the dominant trapping mechanism. Trapping of the non-wetting gas phase occurs during waterflooding when the gas saturation is decreasing and the water saturation increases as it invades the pore-space. During the injection of CO 2 in the geologic formation, the gas saturation increases in a drainage-like process. Vertical flow paths are created as the gas phase migrates laterally away from the injection well and to the top of the aquifer due to buoyancy forces. Once the injection stops, the CO 2 continues to migrate upwards. At the leading edge of the CO 2 plume, gas continues to displace water in a drainage process (increasing gas saturation), whilst at the trailing edge water displaces gas in an imbibition process (increasing water saturations). The presence of an imbibition saturation path leads to snapoff and, subsequently, trapping of the gas phase. A trail of residual, immobile CO 2 is left behind the plume as it migrates upwards (Fig. 20) .
We perform a series of representative simulations to assess the impact of trapping and relative permeability hysteresis on the migration and distribution of injected CO 2 in a sequestration project.
Reservoir description. We carried out simulations of CO 2 injection in a synthetic but realistic model of a geologic formation. We selected the PUNQ-S3 model, which is a geometrically complex and heterogeneous threedimensional geologic model originally designed as a test case for production forecasting under uncertainty. The original PUNQ-S3 model is described in detail elsewhere, 59 and the model data is publicly available for download. 60 We modified the original model slightly to study hysteresis and trapping effects in a CO 2 injection scenario. The geometry of the model is characterized by a dome in the center. It is bounded by sealing faults on all sides and contains five layers of fluvial sand and shale. The top of the reservoir is at a depth of 7677 ft. The average reservoir thickness is 92 ft. The reservoir is discretized into 19 × 28 × 5 grid blocks, of which 1761 blocks are active.
The x and y dimension of each block is 590 ft. The average porosity is 0.2, and the average horizontal permeability is 100 md. The anisotropy ratio is about 3. A map of the absolute permeability is shown in Fig. 21 . The reservoir pore volume is approximately 10 9 ft 3 with an initial reservoir pressure of 1020 psia at the top of the structure. Our model has eight injection wells open to the bottom layer of the reservoir. The injection wells are ratecontrolled and operate with a constraint in the maximum bottom hole pressure of 3000 psia. We assume that the faults on all sides of the reservoir act as no-flow boundaries so the effects of regional groundwater flow through the reservoir are not included in this study.
The relative permeabilities of water and gas are taken from the Oak dataset 46 for a water-wet Berea sandstone and a gas-water system. The relative permeability curves are plotted in Fig. 22 . Because the medium is strongly water-wet, hysteresis effects are significant in the gas relative permeability only. We simulate hysteresis effects by providing the simulator with the bounding drainage and waterflood curves from the experimental data (Fig. 22) . These data result in a Land trapping coefficient C ≈ 1. Intermediate scanning curves are computed using Killough's 15 hysteresis model. The PVT properties of the gas (density, viscosity and formation volume factor) are representative of the properties of CO 2 at reservoir conditions. Setup of numerical simulations. The formation is initially filled with brine. CO 2 injection is simulated by controlling the volume of CO 2 that is injected into the formation. A total of 0.15 pore volumes are injected into the bottom layer of the aquifer. The injection rate and volume is the same for all eight injectors.
We simulated four different scenarios, summarized in Table 1 . They were designed to assess the following factors:
1. Hysteresis and trapping, by comparing the results of Case 2 (in which hysteresis is modeled) and Case 1 (in which hysteresis is not modeled). 2. Injection rate, by comparing the results of Case 2 (CO 2 injection during one year) and Case 3 (injection of the same volume over a period of ten years).
3. Injection of water, by comparing Case 4 (injection of 0.05 pore volumes of water following CO 2 injection) with Case 3, respectively (injection of CO 2 alone).
For each case, we show results of the fluid distribution after 50 years from the beginning of the injection phase. We plot three-dimensional views of the water saturation S w (saturation of CO 2 is simply S g = 1 − S w ). Additional insight into the dynamic behavior of the system is gained by plotting the evolution of the CO 2 saturation at specific gridblocks. We chose three "observation" points: one near the top of the anticline structure (block 13, 18, 1), one at a slightly lower elevation (block 7, 21, 1) and a third one at a lower elevation still (block 11, 11, 1). All of them are located at the top layer of the formation. The location of the injection wells and the observation gridblocks is shown in Fig. 23 .
Effect of hysteresis and trapping. We begin by illustrating the dramatic effect of relative permeability hysteresis on the predictions of the fate of the injected CO 2 . We compare the results from Case 1 (no hysteresis) and Case 2 (with hysteresis). In Case 1, the gas relative permeability is assumed to be reversible, and only the drainage curve is used. Both cases simulate injection of a total of 0.15 pore volumes of CO 2 during one year, and the migration of the CO 2 plume during the next 49 years.
In Fig. 24 we plot the distribution of water saturation predicted by both models after 50 years from the beginning of injection. In Case 1, because the gas relative permeability is assumed to be reversible, the model does not predict any trapping of CO 2 . The CO 2 plume migrates upwards due to buoyancy forces without leaving any residual saturation behind. After a sufficiently long time, the model predicts the formation of a gas cap of mobile CO 2 at the top of the formation. This scenario is unfavorable from a sequestration standpoint: damage in the cap rock could lead to fractures that might serve as conduits for leaks of the mobile CO 2 to upper formations and, eventually, the atmosphere.
The predictions under Case 2 are entirely different. After the injection phase, the model predicts a trail of residual, immobile CO 2 during the migration of the plume. As a result, while there is a net flow of CO 2 in the vertical direction, trapping prevents the injected CO 2 from forming a gas cap. In fact, the simulations predicts that, after 50 years or less, almost all the CO 2 is trapped in the formation. Accounting for hysteresis effects leads to a spread-out distribution of trapped CO 2 , as opposed to a concentrated distribution of mobile CO 2 . This scenario is in fact much more realistic and, importantly, much more favorable for the effectiveness of CO 2 sequestration: it minimizes the risk of leaks (the gas is immobile) and enhances other sequestration mechanisms such as dissolution into the brine and geochemical binding (more interfacial area between the CO 2 and the initial pore water). Fig. 25 shows the evolution of CO 2 saturation with time at the three different observation gridblocks in the reservoir. For the block at the very top (13, 18, 1) we see the accumulation of CO 2 when hysteresis effects are ignored, reaching a saturation value close to 0.7 that corresponds to the connate water saturation. In contrast, very little accumulation (CO 2 saturation of about 0.15) occurs when hysteresis is accounted for. The evolution of the CO 2 saturation in blocks at lower elevations (7, 21, 1 and 11, 11, 1) displays an interesting behavior. When hysteresis is ignored, the gas saturation first increases sharply-the leading edge of the plume reaches the block during its migration upwards-and then decreases to a very low value-the plume travels through the block without leaving any residual CO 2 . On the other hand, simulations that account for hysteresis predict that the CO 2 saturation decreases only to a finite, positive value. This is due to trapping during the imbibition process that occurs at the trailing edge of the plume, which results in residual CO 2 being left behind.
Effect of injection rate. We now investigate the effects of CO 2 injection rate on the overall performance of the sequestration project. We do so by comparing Cases 2 and 3, both of which account for hysteresis. We inject the same amount of CO 2 in both cases, but over a period of 1 year in Case 2 and over a period of 10 years in Case 3.
The saturation distributions for both of these cases are shown in Fig. 26 . Clearly, a slower injection rate leads to more mobile CO 2 reaching the top of the aquifer, which has an adverse effect for sequestration purposes. These results can be explained as follows.
Higher injection rates lead to a more radial displacement pattern and higher gas pressures in the vicinity of wells. Physically, this higher pressure is responsible for the nonwetting gas to invade smaller pores, which have a higher capillary entry pressure. Snap-off occurs readily in smaller pores during imbibition, resulting in increased macroscopic trapping.
For lower injection rates, on the other hand, gravity affects the displacement pattern of water by CO 2 early. The low-viscosity gas forms stable paths through the high permeability regions of the porous medium. Microscopically, only the largest pores are invaded, which leads to reduced snap-off during an eventual imbibition process. Moreover, the CO 2 reaches the top of the formation before injection ceases. Since trapping only occurs during imbibition (water displacing CO 2 at the trailing edge of the plume), the fraction of CO 2 that has reached the top of the aquifer cannot undergo imbibition and is therefore not subject to trapping.
The plots of CO 2 saturation over time for these two cases are shown in Fig. 27 . As seen from the plots of gridblocks 7, 21, 1 and 11, 11, 1, the system undergoes trapping of the CO 2 in both cases. However, the case with low injection rate shows that CO 2 reaches a saturation value of 0.7 (connate water) at the top of the anticline (gridblock 13, 18, 1), whereas a value of just 0.15 is achieved in the high-rate case.
Effect of subsequent water injection. Finally, we investigate how the performance of the CO 2 sequestration project is affected by the injection of a slug of water after injection of the CO 2 into the aquifer. The motivation is to enhance the imbibition process that naturally occurs at the trail of the nonwetting CO 2 plume as it migrates upwards.
In Fig. 28 we compare the fluid distributions of Case 3 and Case 4. In both cases we inject 0.15 pore volumes of CO 2 for the first ten years. In Case 4 this is followed by injection of 0.05 pore volumes of water during a 1-year period. These results confirm the expected response: subsequent water injection induces more trapping and reduces significantly the amount of CO 2 that accumulates at the top of the aquifer.
The evolution of the CO 2 saturation at the observation gridblocks (Fig. 29) offers additional insight into the behavior of the displacement process. During the CO 2 injection period-the first ten years-the curves corresponding to Case 3 and Case 4 are of course identical. Once water injection starts (in Case 4) the system experiences a drastic change in the flow dynamics. Water starts displacing the CO 2 radially away from the wells. This can be seen as a forced imbibition process that leads to almost immediate trapping of the CO 2 phase in large portions of the reservoir. It explains why we see a sharp decrease in CO 2 saturations at the observation gridblocks-the CO 2 is being pushed elsewhere-down to some residual saturation. It is worth noting that this saturation value is lower than what would be predicted from Land's trapping model, S gt = S gi /(1+CS gi ), because part of the CO 2 is being displaced through existing connected paths and is therefore not trapped.
Summary. We offer the following brief summary of the findings from the simulations of CO 2 sequestration in saline aquifers:
1. Accounting for trapping and relative permeability hysteresis of the nonwetting CO 2 phase is essential in order to correctly characterize the migration and final distribution of the injected CO 2 . Trapping occurs as the trailing edge of the plume ascends (and is replaced by water) after injection stops.
2. Trapping of the CO 2 leads to more favorable scenarios for sequestration purposes: a large fraction of the CO 2 is trapped and immobile for practical purposes, and is more spread out throughout the aquifer, thereby increasing the interfacial area for subsequent dissolution.
3. High injection rates result in more effective sequestration of the CO 2 . A shorter injection period leaves less time for the buoyant CO 2 to reach the top of the formation, from which it is difficult to immobilize.
4. Injection of a water slugs after CO 2 injection increases the effectiveness of the sequestration project. The injected water forces break-up of large connected CO 2 plumes, enhancing trapping and immobilization of the CO 2 . A similar behavior would be observed if there were a regional groundwater flow.
Conclusions and outlook
We have presented a new model of trapping and waterflood relative permeability. Development of the model is motivated by the inability of existing models to capture the trends observed for intermediate-wet and oil-wet media. Due to scarcity of reliable experimental data, we have used pore-network simulation as a means to predict the trends in trapping and relative permeability hysteresis. The new model is able to capture two key features of the observed behavior: (1) non-monotonicity of the initialresidual curves, which implies that waterflood relative permeabilities cross; and (2) convexity of the waterflood relative permeability curves for oil-wet media due to film flow of oil. We have also investigated the impact of trapping and relative permeability hysteresis in the context of CO 2 sequestration projects in saline aquifers. We have provided conclusive evidence that hysteresis is an order-one factor in the prediction of the migration and final distribution of the CO 2 . Trapping of the CO 2 occurs during the upwards migration of the CO 2 plume, but only after injection has stopped and the trailing edge of the plume is naturally being displaced by water. This imbibition process leads to trapping of the CO 2 . A trail of residual CO 2 is left behind as the plume migrates upwards. We have shown that hysteresis effects have a very favorable effect on the effectiveness of CO 2 sequestration. From the point of view of the design of a CO 2 project, we have shown that trapping of the CO 2 can be enhanced by: (1) operating at high injection rates, and (2) alternatively injecting water and CO 2 in the spirit of classical WAG for enhanced oil recovery. 
